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Abstract
Light Dark Matter (DM), defined here as having a mass between 1
MeV and about 1 GeV, is an interesting possibility both theoretically
and phenomenologically, at one of the frontiers of current progress
in the field of DM searches. Its indirect detection via gamma-rays
is challenged by the scarcity of experiments in the MeV-GeV region.
We look therefore at lower-energy X-ray data from the Integral
telescope, and compare them with the predicted DM flux. We derive
bounds which are competitive with existing ones from other tech-
niques. Crucially, we include the contribution from inverse Compton
scattering on galactic radiation fields and the CMB, which leads to
much stronger constraints than in previous studies for DM masses
above 20 MeV.
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1 Introduction
The possibility that Dark Matter (DM) consists of a light particle has gained increasing attention
recently (for definiteness we intend here a mass between a few MeV and about a GeV, as we
discuss below). Searches for DM have long been dominated by the paradigm of (heavier)
WIMPs [1, 2], but with no convincing WIMP signal observed so far in Direct Detection [3],
Indirect Detection [4–6] or Collider searches [7,8], the attention is turning to lighter (or heavier)
candidates. Light DM is indeed in some sense a new frontier for searches, requiring new analysis
strategies and experimental techniques to achieve sensitivity [9].
In Direct Detection (DD), most current experiments lose sensitivity for DM masses below
∼ 1 GeV. This is because the standard method of detection relies on detecting the small amounts
of energy deposited by DM via nuclear recoils, which becomes ineffective for DM much lighter
than a typical nucleus. However, efforts are underway to explore the sub-GeV regime. This
includes extending the sensitivity of ‘traditional’ nuclear recoil detectors to ultra-low energy
thresholds [10, 11] (Xenon-10 [12], Xenon-1t [13], Lux [14, 15], Cresst [16–19], Super-
CDMS [20], News-G [21], DarkSide [22], Edelweiss [23] and in the future Lbeca [24]),
possibly exploiting the production of detectable signals via DM-electron scattering [25–28], the
Migdal effect 1 [15,35,36] or the interactions of DM with the Sun or with Cosmic Rays [37–43].
Efforts are underway as well to develop new detection strategies [44, 45], including the use of
semiconductors [46–48] (such as in the Sensei [49] and Damic [50, 51] experiments), super-
conductors [52, 53], superfluid helium [54–59], evaporating helium [60], 2D materials such as
arrays of nanotubes and graphene [61,62], 1D materials such as superconducting nanowires [63],
chemical bond breaking [64], production of color-center defects in crystals [65], polar materials
(i.e. crystals with easily excitable polar atomic bonds [66,67]), paleo-detectors [68,69], magnetic
bubble chambers [70], Casimir forces between nucleons [71], aromatic targets [72], molecular
gas excitations [73] or diamonds [74].
On the side of Collider searches, the situation has some resemblance with the DD case. The
current experiments and flagship colliders (essentially the Lhc) are not suitable for exploring
the low mass region: the staple signature of DM production is the missing energy corresponding
to the DM mass, which in the sub-GeV case is swamped in the experimental background. The
strategy is therefore to turn to the search for associated states, i.e. particles that belong to a
new ‘dark sector’, more extended than just the DM particle. In particular, if sub-GeV DM is to
be produced by thermal freeze-out in the Early Universe, this requires the existence of new light
force mediators (‘dark photons’). These mediators provide a link between the dark and visible
sectors and are therefore subject to active searches. Indeed many theory analyses [75–80] and
experimental projects [81–84] pursue this direction, see e.g. [85] for a recent review.
In Indirect Detection (ID), one typically searches for the Standard Model particles (charged
particles, such as electrons and positrons, or gamma rays) produced in the annihilation of DM
in the Galaxy, with energies at or just below the DM mass. Concerning charged particles,
the problem is that solar activity holds back sub-GeV charged cosmic rays and therefore we
have no access to them.2 Concerning gamma-rays, the sensitivity of the most powerful of the
recent telescopes, Fermi-Lat, stops at about 100 MeV, so that typically DM masses only
1In the standard DD method, the ionization signal is typically produced as the nucleus struck by the DM
particle recoils and hits in turn other nuclei, freeing their electrons. This requires a certain non-negligible
energy deposition. The Migdal effect [29–34] refers instead to the fact that even a slowly recoiling or just
shaken nucleus can lose one or some of its electrons, and therefore produce a signal. Standard ionization is an
in-medium process, while the Migdal effect can take place even for the scattering of an isolated atom.
2An exception to this point is the use of data from the Voyager spacecraft, which is making measurements
outside of the heliosphere [86]. We will comment on the corresponding constraints later.
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as low as about 1 GeV can be probed. At much lower energies, below a few MeV, one has
competitive data from Integral. But in-between ∼1 and 250 MeV, only relatively old data
from Comptel are available and no current competitive experiment exists. Indeed, a number
of authors have discussed proposals to fill this so-called ‘MeV gap’ in a useful way for DM
searches [87–98]. Alternatively, low energy neutrinos have been considered [99,100].
Another possibility for ID of such light DM (which is the one we will entertain here) is
to look at a range of energies much lower than that of the DM mass.3 The basic idea is the
following: the sub-GeV-ish electrons and positrons produced by DM annihilations (e.g. in the
Galactic halo) will undergo Inverse Compton scattering (ICS) on the low energy photons of
the ambient bath (the CMB, infrared light and starlight) and produce X-rays, which can be
searched for in X-ray surveys. Indeed, as a rule of thumb, the ICS process increases the photon
energy from the initial low value E0 to a final value E ≈ 4γ2E0 upon scattering off an electron
with relativistic factor γ = Ee/me. Hence, a GeV electron will produce a ∼ 1.5 keV X-ray
when scattering off the CMB (E0 ≈ 10−4 eV). By the same token, a mildly-relativistic MeV
electron will produce a ∼ 0.15 keV X-ray when scattering off UV starlight (E0 ≈ 10 eV).
These considerations roughly define our range of interest for DM masses: mDM ' 1 MeV →
1 GeV.4 So our goal is to explore whether there are cases in which X-ray observations can
impose constraints on sub-GeV DM that would otherwise fall below the sensitivity of the more
conventional gamma-ray searches. To this end, we focus on data from the Integral X-ray
satellite [113].
The electrons and positrons produced by the annihilation of light DM propagate in the
Galaxy. The dominant energy loss processes for these particles at low energy are bremsstrahlung,
ionization and Coulomb scattering. These therefore reduce the power that is effectively injected
into ICS. However these processes are relevant where gas is present, i.e. essentially in the Galac-
tic center and within the disk. We will therefore focus on observational windows at mid-to-high
Galactic latitudes, where indeed ICS (together with synchrotron emission) is a relevant mech-
anism of photon production.
From the theoretical point of view, the case for sub-GeV DM is arguably not as strong as
the traditional case for WIMPs. On the other hand, considering the lack of evidence for a
DM in the typical WIMP mass range, it is definitely worth leaving no stone unturned [114].
Phenomenologically, light (scalar) DM has been invoked as a viable possibility [115–117] and
as an explanation [118–121] of the 511 KeV line from the center of the galaxy [122]. Other
theory motivations include: SIMP scenarios [123–127], the WIMPless idea [128], Forbidden
Dark Matter [129], axinos [130, 131], neutrino mass generation [120, 132] or even certain SuSy
configurations [133–135]. One may also add to the list asymmetric DM [136]: in the standard
lore it naturally predicts DM with a mass of a few GeV and no annihilation signals, but actually
the mass can be lighter [137, 138] and residual or late annihilations can occur and give rise to
an interesting phenomenology [137, 139]. Freeze-in DM production [140] is also often cited in
connection to sub-GeV DM, not necessarily because freeze-in points to the sub-GeV range but
because it provides a viable DM production mechanism.
A few studies directly connected with our analysis have appeared in the literature in the
past. Reference [141,142] have introduced tools for computing signals like those in which we are
interested, which however we do not employ. Reference [141] also derives bounds, but focuses
3For former applications of the same idea to heavy, WIMP-like, DM see for instance [101–110].
4Note that we are not interested in keV DM, that can e.g. produce X-rays by direct annihilation or decay.
That is a whole other set of searches, e.g. for keV sterile neutrino DM [111,112].
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mostly on synchrotron emission in dwarf galaxies from multi-GeV DM. Reference [143] applies
our approach, but considers ICS on the CMB only, focuses on mDM > 1 GeV and uses only a
partial measurement from the Draco dSph galaxy. Hence there is no overlap of our results with
these analyses.
More broadly, studies addressing the motivations, the phenomenology and the constraints
(notably from cosmology) of MeV-GeV DM include [144–157].
The rest of this paper is organized as follows. In Sec. 2 we review the computation of X-rays
from DM annihilations, via the ICS process. In Sec. 3 we present the X-rays measurements by
Integral that we employ. In Sec. 4 we present the results, in particular deriving constraints
in the usual plane of annihilation cross section versus mass of the DM particle, and we briefly
compare with other existing constraints. In Sec. 5 we summarize and conclude.
2 X-rays from DM annihilations
In this section we briefly review the basic formalism for (soft γ-ray and) hard X-ray production
from DM annihilations, essentially via final state radiation and ICS emission. For all details we
refer the reader to Ref. [158,159], whose notation we mostly follow. Two important differences
however apply. First, Ref. [158, 159] do not deal with DM masses smaller than 5 GeV, so that
we cannot straightforwardly use the tools developed there. Second, in Ref. [158,159] a detailed
treatment of the energy-loss and diffusion process is employed. Since, as mentioned above, we
are mostly interested in higher latitude signals where ICS energy losses dominate, we adopt a
simplified treatment (described below).
Let us consider a direction of observation from Earth that is identified by the angle θ
(the aperture between the direction of observation and the axis connecting the Earth to the
Galactic Center), or, equivalently, by the latitude and longitude pair (b, `). At each point along
this direction, DM particles annihilate, contributing to the photon signal, which we collect by
integrating all the contributions along the line of sight. Since we focus on DM lighter that 1
GeV, we consider three annihilation channels:
DM DM→ e+e−, (1)
DM DM→ µ+µ−, (2)
DM DM→ pi+pi−, (3)
which are kinematically open whenever mDM > mi (with i = e, µ, pi) and that we study one
at a time. The pion channel is representative of a hadronic DM channel. We do not consider
the annihilation into a pair of neutral pions, since in this case the (boosted to the DM frame)
γ-rays do not reach down to the energies covered by Integral.
For each channel, the total photon flux is given by the sum of two contributions: the
emission from the charged particles in the final state (Final State Radiation, FSR) and the
photons produced via ICS by DM-produced energetic e±. In principle, for the µ+µ− and the
pi+pi− channel, some γ-rays are also produced directly through muon and charged pion decays,
but the corresponding branching ratios are so small [160] that we neglect them here.
The differential flux of the Final State Radiation photons from the annihilations of a DM
particle of mass mDM is computed via the standard expression (see e.g. Ref. [161]):
dΦFSRγ
dEγ dΩ
=
1
2
r
4pi
(
ρ
mDM
)2
J(θ) 〈σv〉f
dN fFSRγ
dEγ
, J(θ) =
∫
l.o.s.
ds
r
(
ρ(r(s, θ))
ρ
)2
. (4)
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where r ' 8.33 kpc and ρ = 0.3 GeV/cm3 are the conventional values for the distance of
the Sun from the Galactic center (GC) and the local DM density. Here, Eγ denotes the photon
energy, dΩ is the solid angle, r is the distance from the GC in spherical coordinates, in turn
expressed in terms of s, the coordinate that runs along the line of sight (s = 0 corresponds to
the Earth position), and the angle θ: r2 = s2 + r2− 2sr cos θ. We use natural units c = ~ = 1
throughout the paper. The normalized J factor corresponds to the integration along the line
of sight of the square of the galactic DM density profile ρ(r), for which we adopt a standard
Navarro-Frenk-White profile [158,162]
ρNFW(r) = ρs
rs
r
(
1 +
r
rs
)−2
with ρs = 0.184 GeV/cm
3, rs = 24.42 kpc. (5)
The annihilation cross section in each of the final states f of Eqs. (1)−(3) is denoted 〈σv〉f .
For the spectrum of FSR photons we adopt the following expressions [163]
dN l
+l−
FSRγ
dEγ
=
α
piβ(3− β2)mDM
[
A ln 1 +R(ν)
1−R(ν) − 2BR(ν)
]
, (6)
where
A =
[
(1 + β2) (3− β2)
ν
− 2 (3− β2)+ 2ν] , (7)
B =
[
3− β2
ν
(1− ν) + ν
]
, (8)
where l = e, µ and we have defined: ν = Eγ/mDM, β
2 = 1 − 4µ2 with µ = ml/(2mDM) and
R(ν) =
√
1− 4µ2/(1− ν). For the pion
dNpi
+pi−
FSRγ
dEγ
=
2α
piβ mDM
[(
ν
β2
− 1− ν
ν
)
R(ν) +
(
1 + β2
2ν
− 1
)
ln
1 +R(ν)
1−R(ν)
]
, (9)
with the same definitions as above with ml → mpi.
The differential flux of the Inverse Compton Scattering photons received at Earth is written
in terms of the emissivities j(Eγ, ~x) of all cells located along the line of sight at position ~x:
dΦICγ
dEγ dΩ
=
1
Eγ
∫
l.o.s.
ds
j(Eγ, ~x(s, b, `))
4pi
. (10)
Here the spherical symmetry of the system around the center of the Galaxy is broken by the
distribution of the ambient light, which mostly lies in the galactic disk. Hence we use the 3D
notation ~x instead of r, and we need the (b, `) coordinates instead of the single angle θ. These
quantities are related by the usual expression cos θ = cos b cos l. It will also be convenient to
work in cylindrical coordinates (R, z).
The emissivity is obtained as a convolution of the density of the emitting medium with the
power that it radiates. In this case therefore
j(Eγ, ~x) = 2
∫ MDM
me
dEe PIC(Eγ, Ee, ~x) dne±
dEe
(Ee, ~x), (11)
where Ee denotes the electron total energy and dne±/dEe is the local electron (or positron)
spectral number density (the overall factor of 2 takes into account the equal populations of
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Figure 1: Left: Inverse Compton Scattering (ICS) power as a function of the emitted photon
energy, for the listed input e± energies. In the 10 GeV case, for illustration we show the contributions
of the three components of the photon bath: CMB, infrared light and optical light. Right: Energy
losses for electrons and positrons in the energy regime of interest. The first subpanel refers to the
situation in the Galactic Plane, in a spot similar to the location of the solar system: one sees that
the e± lose most of their energy via interactions with the gas (ionization and bremsstrahlung). The
second subpanel is for a point well outside the plane, on the vertical of the Galactic Center: one sees
that the ICS emission is dominant down to ∼40 MeV. Lines of sight that avoid the Galactic Plane
(i.e. at high latitude) are therefore preferred for our purposes.
electrons and positrons). P = ∑iP iIC is the differential power emitted into photons due to ICS
radiative processes
P iIC(Eγ, Ee, ~x) = Eγ
∫
d ni(, ~x) σIC(, Eγ, Ee) , (12)
where the sum on i runs over the different components of the photon bath, expressed by
their photon number densities ni ( is the photon energy before the scattering): CMB, dust-
rescattered infrared light (IR) and optical starlight (SL). For the last two components, we use
the Interstellar Radiation Field maps extracted from [164], as in [107, 158, 159]. We do not
detail here further the computations (we refer the reader to [107, 158, 159, 165] and references
therein) but, for reference, we plot the total power P in the energy regime of interest in Fig. 1,
left. In the above equation, σIC is the Klein-Nishina cross section.
The local e± spectral number density we are concerned with here is the result of injection due
to DM annihilation, plus the subsequent diffusion of the e± in the local Galactic environment,
subject to energy losses by several processes (see below). We adopt a simplified treatment by
neglecting diffusion, i.e. we assume that electrons and positrons scatter off the ambient photons
in the same location where these e± were produced by annihilation events of DM particles.
This is sometimes referred to as the ‘on the spot’ approximation. In this regime, the quantity
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can be simply expressed as (see e.g. [107])
dne±
dEe
(Ee, ~x) =
1
btot(Ee, ~x)
∫ mDM
Ee
dE˜e Qe(E˜e, ~x), with Qe(E˜e, ~x) =
〈σv〉
2
(
ρ(~x)
mDM
)2
dNe±
dE˜e
.
(13)
Here btot(E, ~x) ≡ −dEdt = bCoul+ioniz + bbrem + bsyn + bICS is the energy loss function, which takes
into account all the energy loss processes that the e± suffer in the local Galactic environment
in which they are injected. These are due (in order of importance for increasing e± energy:
Coulomb interactions and ionization, bremsstrahlung, synchrotron emission and Inverse Comp-
ton scattering). We plot the energy loss function in Fig. 1 (right) for illustration and we refer
the reader to [159] for more details. Qe(E˜e, ~x) is the injection term of electrons and positrons
from DM annihilations: its integral over E˜e corresponds essentially to the number of electrons
generated with an energy larger than Ee at position ~x. We cut the integral in the horizontal
direction at R = Rgal = 20 kpc, where Rgal is the presumed radial extension of the Milky Way,
and in the vertical direction at z = 4 kpc, assuming this to be the size of the magnetic halo
that keeps the e± confined.
The last ingredient needed, the e± spectrum from DM annihilations in the different cases, is
rather straightforwardly computed. For the e+e− channel it consists simply in a monochromatic
line of e± with Ee = mDM. For the µ+µ− case, we boost to the DM annihilation frame (where
the muon has energy Eµ = mDM) the electron spectrum from muon decay obtained in the muon
rest frame [166]:
dNµ→eνν¯e
dEe
=
4
√
ξ2 − 4%2
mµ
[
ξ(3− 2ξ) + %2(3ξ − 4)] (14)
where % = me/mµ, ξ = 2Ee/mµ and the maximal electron energy is E
max
e = (m
2
µ +m
2
e)/(2mµ).
For the pi+pi− case, due to the decay chain pi → µ → e, we boost the electron spectrum
from muon decay of Eq. (14) to the rest frame of the pion (where the muon has energy Eµ =
(m2pi+m
2
µ)/(2mpi)) and then boost the ensuing distribution to the DM annihilation frame (where
the pion has energy Epi = mDM). The expression of the boost from a frame where the particle
a (produced by its parent A) has energy E ′ and momentum p′ to a frame where the parent
particle has energy EA [167] reads
dN
dE
=
1
2βγ
∫ E′max
E′min
1
p′
dN
dE ′
(15)
where γ = EA/mA and β = (1− γ−2)1/2 are the Lorentz factors for the boost, and E ′max|min =
γ(E ± β p) and the signs + (−) refers to max (min), respectively. When a is produced as
monochromatic, i.e. dN/dE ′ = δ(E − E?), the above expression reduces to the typical box
spectrum dN/dE = 1/(2βγp?) for γ(E? − βp?) ≤ E ≤ γ(E? + βp?).
We remind the reader here that our pi+pi− case is just intended as one possible representative
case of DM annihilations into light quarks. A more detailed analysis would require using the
spectra computed in [168], that consider the annihilation into light quark pairs and the subse-
quent production of many light hadronic resonances besides pions. That would require choosing
a specific model for the annihilation diagram (e.g. via a light mediator with arbitrary but de-
fined couplings to quarks). In order to keep our analysis as simple and as model-independent
as possible, we stick to the case of direct annihilation into charged pions only, deferring a more
complete analysis to future work.
With all the ingredients above, we are therefore in a position to compute the full spectrum
of photons from DM annihilation. The final step consists in integrating the contributions in
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Figure 2: Example photon spectra from sub-GeV DM, that illustrate our main points.
Left: A 150 MeV DM particle annihilating into µ+µ− produces γ-rays that fall short of Fermi’s
data (taken from [169] and reported here just for reference, as they are not the focus of our work),
but produces a signal in X-rays that can be constrained by Integral. Notice that the Final State
Radiation (FSR) contribution yields a signal that passes well below the X-ray data. However, the
inclusion of the Inverse Compton Scattering (ICS) contribution on the different components of the
Galactic ambient light (starlight (SL), dust-reprocessed infrared light (IR)) and the CMB, leads to a
flux which is orders of magnitude larger, thus producing stronger constraints. Right: A 10 MeV DM
particle annihilating into e+e− is instead constrained by the FSR contribution: the ICS ones fall to too
low energy for Integral. In these illustrations, the signals are computed over the |b| < 15◦, |`| < 30◦
region of interest (Roi): in our analysis we actually use smaller RoIs, removing low latitudes (see
Sec. 3).
Eqs. (4) and (10) over the selected region of observation:
dΦDMγ
dEγ
=
∫ bmax
bmin
∫ `max
`min
db d` cos b
(
dΦFSRγ
dEγ dΩ
+
dΦICγ
dEγ dΩ
)
. (16)
We can then compare the total flux with the data in the same region, in order to derive
constraints on Dark Matter. Two examples are presented in Fig. 2, illustrating the main points
of our analysis.
3 Integral X-ray data and analysis
We use the data from the Integral/Spi X-ray spectrometer, as reported in [113], which follows
previous work in [170, 171]. The data were collected in the period 2003−2009, corresponding
to a significant total exposure of about 108 seconds, and cover a range in energy between 20
KeV and a few MeV. They are provided both in the form of a spectrum of the total diffuse
flux in a rectangular region of observation centred around the GC (|b| < 15◦, |`|| < 30◦, Fig. 6
in [113]) and in the form of an angular flux in latitude and longitude bins (Figs. 4 and 5
in [113]). In the following, we will use the latter set of data, from which we cut out the Galactic
Plane (GP). This is based on two reasons, both of which make the GP less attractive from an
analysis perspective. First, the GP is obviously bright in X-rays due to many astrophysical
sources (dust emission, IC emission from cosmic rays, etc.), which have no connection to Dark
Matter but represent a significant source of background. In our analysis, in order to adopt
a conservative approach in the derivation of the DM bounds, we will not attempt to model
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Figure 3: Integral data, compared to the
maximal predicted DM flux: in each of the 5
energy bands, we show the data from Integral
(colored points) as well as the predicted DM flux
for 150 MeV DM annihilating into µ+µ− (black
points). The shades cover the low-latitude points
that we do not use. In each panel the annihilation
cross section is set at its limit for this DM mass
within that specific energy band: i.e. it maximizes
the flux without exceeding the data in the band by
more than allowed by our constraint procedure.
and subtract the galactic X-ray emission and we therefore choose to stay away from the most
contaminated region. Second, the e± emissivity in the GP is dominated by scattering processes
on gas (Coulomb interactions, ionization and bremsstrahlung), due to its high density there.
This complexity of the GP induces uncertainties in the predictions of the photon fluxes, which
can be avoided by looking at higher latitudes. Therefore we choose to focus on relatively gas-
poorer regions in which the ICS emissivity is the most relevant process. This also represents a
conservative choice.
The data adopted in our analysis are shown in Fig. 3. They are divided into 5 energy bands
(27−49 keV, 49−90 keV, 100−200 keV, 200−600 keV and 600−1800 keV), each featuring 21
bins in latitude (15 in the case of the fifth band). The longitude window is −23.1◦ < ` < 23.1◦
for the first four bands, and −60◦ < ` < 60◦ for the fifth one.
For each DM annihilation channel, we compute the total photon flux from DM annihilation
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in each energy band and per each latitude/longitude bin as discussed in Sec. 2. In Fig. 3 we
show as colored dots one example of the predicted photon flux which refers to a 150 MeV DM
particle annihilating into µ+µ−. We see that the DM flux increases approaching the central
latitude bins, as expected, because of the larger DM density towards the center of the Galaxy.
If the emission were simply due to FSR, the angular profile would strictly follow the DM density
profile squared. This is actually not the case here, since the ICS signal, which is dominant in
the configuration considered here, is molded by the spatial dependences of the e± energy losses
and of the density of the target radiation fields. For instance, the DM flux in the very central
latitude bin, which corresponds to lines of sight crossing the Galactic Plane, is significantly
lower compared to the neighboring ones: this is due to the fact that the energy losses are large
for electrons in the plane as a consequence of the high gas density, and therefore their ICS
emissivity is suppressed. As discussed above, we remove (‘mask’) the 3 central latitude bins in
order to exclude most of the signal from the GP 5.
From the comparison between the predicted DM flux ΦDMγ and the measured flux φ we
derive constraints on the DM annihilation cross section by requiring that the former does not
exceed the latter by more than an appropriate amount. More precisely, we proceed as follows.
We define a test statistic
χ2> =
∑
bands
∑
i∈{b bins}
(Max[(ΦDMγ,i(〈σv〉)− φi), 0])2
σ2i
(17)
where the first sum runs over the five Integral energy bands and the second over the latitude
bins (except the 3 central ones) and σi is the error bar on the ith data point. χ
2
> corresponds to
computing a global ‘effective’ χ2 that includes only the data bins where the DM flux is higher
than the measured value. Recall that we are not adding a background model for the galactic
X-ray emission, meaning that bins where the predicted DM flux is smaller that the observed
one are not considered incompatible with the observations. The DM flux starts to introduce
tension only when it exceeds the data points, and this tension progressively increases with the
DM annihilation cross section. For each DM mass (raster scan), this is equivalent to having a
number of unconstrained (non negative) nuisance parameters for the background in each bin,
which makes our statistic equivalent to a ∆χ2, distributed as a χ2 with 1 degree of freedom
(see also [172] for a similar approach). We then impose a bound on 〈σv〉 when χ2> = 4, which
corresponds to a 2σ bound.6
We note that Ref. [113] also provides templates of the different astrophysical emission pro-
cesses, computed within GalProp,7 that best fit the measured flux. Including these astro-
physical elements in our analysis would clearly lead to stronger constraints, since the room
for exotic components is reduced. As mentioned above, in order to be conservative we do not
follow this procedure here.
4 Results and discussion
In this section we present the constraints on Dark Matter annihilation that we derive following
the procedure discussed in the previous section. Figure 4 is our main result as it shows the
overall bounds for each of the three annihilation channels, obtained by combining the data from
5For the first 4 energy bands, the 3 central bins cover the interval −3.9◦ < b < 3.9◦, which corresponds to
masking all lines-of-sight passing within ∼0.6 kpc above and below the vertical of the Galactic Center.
6For a detailed discussion of similar test statistics, see e.g. Ref. [173], especially Sec. 2.5 and Sec. 3.7.
7https://galprop.stanford.edu
10
1 10 102 103
10-30
10-29
10-28
10-27
10-26
10-25
10-24
10-23
10-22
DM mass [MeV]
A
nn
ih
ila
tio
n
cr
os
s
se
ct
io
n
σv[cm
3 /s]
Bounds on annihilating Dark Matter
Voyag
er1
Essig et
al 2013
CMB
s-wave
CMB p-waveDM DM⟶ e+e-
DM DM⟶μ+μ-DM DM⟶π+π-
Figure 4: Our constraints on sub-GeV DM from Integral data (solid lines), compared to
other existing bounds: from Voyager 1 e± data (Boudaud et al. [86]), from a compilation of X-ray
data (Essig et al. [174]) and from the CMB assuming s-wave (Slatyer [175] or p-wave annihilation
(Diamanti et al. [176]).
all angular and energy bins and for the total photon flux originating from both FSR and ICS
processes. Figure 5 elucidates the impact on the bounds coming from the various elements of
the analysis.
The first three panels in Fig. 5 show the constraints imposed by each energy band separately.
They are obtained with the same χ2> criterion defined in Eq. (17) independently in each energy
band. We can see that the dominant constraint often (although not always) comes from the
49−90 keV band. The highest energy band (600−1800 keV) almost always provides the weakest
bound. The relative strength of the bounds depends on a number of factors, including statistical
fluctuations in the data and the size of the errors bars in the different energy bands, but most
notably from the position (in energy) of the ICS peak contribution relative to the Integral
data. Let us stress that the global constraints (in Fig. 4) are not just the lower envelope of the
curves in these panels: they are in fact computed using all the data points in all energy bands
simultaneously.
In order to understand the origin of the constraints shown in the first three panels, the last
panel of Fig. 5 shows the bounds obtained by considering only the FSR or the ICS contributions
to the photon flux. As anticipated above, the ICS constraint is dominant when present. This
is because for larger DM masses the ICS flux is significantly higher than the FSR one in the
energy range of Integral data (see the illustration in Fig. 2 left). The ICS flux shifts to lower
energies when the DM mass decreases, since only lower-energy e+e− can be produced: this can
be appreciated from the ICS power depicted in Fig. 1 (left). As the mass becomes smaller than
about 30 MeV (which can, in fact, occur only for the e+e− channel), the ICS contribution peaks
at energies lower than the band covered by Integral and therefore becomes ineffective, thus
leaving the FSR emission to dominate the constraint.
Figure 4 also shows the comparison with other existing constraints. Essig et al. [174] have
derived bounds using a compilation of X-ray and soft γ-ray data from Heao-1, Integral,
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Figure 5: Dissection of the constraints. First three panels: bound from each Integral energy
band, for the three annihilation channels considered. Bottom-right panel: comparison between the
bounds obtained using FSR or ICS only (but combining the five energy bands).
Comptel, Egret and Fermi. Among the annihilation channels that we study, they consider
only e+e−. They do not include the ICS and they use Integral data in the region |b| <
15◦, |`| < 30◦ rather than the latitude bins that we use (from which we exclude the Galactic
plane). Their bound is comparable with ours at small masses, becoming stronger in the mass
range 5-40 MeV due to the inclusion of Comptel data, then becoming weaker for mDM & 50
MeV when ICS emission sets in.8
Boudaud el al. [86] have derived constraints on the e+e− and µ+µ− channel using low
energy measurements by Voyager 1 of the e± cosmic ray flux outside of the heliosphere,
using different propagation assumptions (we report the bounds of their model B, characterized
by weak reacceleration). Their constraints intertwine with ours over the mass range under
consideration, being stronger in the mass range 7-100 MeV and weaker otherwise.
The CMB constraints derived in [175] are the most stringent across the whole mass range
(they are given in [175] for the e+e− channel only, in the mass range of interest). However,
they hold under the assumption that DM annihilation is speed-independent (s-wave). If DM
annihilation is p-wave they weaken considerably (see [176] and the discussion in [174])9, while
instead the bounds obtained in our analysis are independent of this assumption.
Fermi constraints as computed by the Collaboration (e.g. [179]) are not provided for DM
8Laha et al. [177], in v1 on the arXiv, also present a result in agreement with Essig et al. [174], while in v2
the bound is no longer present.
9Additional bounds, somehow weaker that the CMB ones, can be obtained using only the DM effect on the
temperature of the intergalactic medium [178].
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masses below a few GeV, therefore we do not report them here.
5 Conclusions
We have derived and presented constraints on Dark Matter in the mass range 1 MeV to 5
GeV, comparing X-ray emission from the annihilation of such light DM with data from the
Integral telescope. Our constraints (see Fig. 4) are comparable with previous results derived
using X-ray data and using e± data from Voyager 1. However, the bounds we present here
are the strongest to-date on the present-day annihilation of Dark Matter for masses in the range
150 MeV to 1.5 GeV. CMB bounds remain stronger over the whole mass range, but they do
rest on the assumption that the DM annihilation cross section at the time of recombination is
the same as the present-day one. When this is not the case, the CMB bounds largely relax.
The strength of our constraints is due in large part to the inclusion of Inverse Compton
Scattering (ICS) emission, produced by the upscattering of ambient photons by electrons and
positrons produced by Dark Matter annihilation. The energy of these ICS photons is typically
a few orders of magnitude lower than the DM mass, allowing us to use data from Integral
to help plug the ‘MeV gap’ and produce novel constraints on sub-GeV DM.
In the near future, data from eAstrogam (300 keV - 3 GeV) [180] will hopefully cover
the ‘MeV gap’ allowing us to directly probe sub-GeV annihilating DM. At the same time,
upcoming full-sky data from the eRosita X-ray telescope (which will cover the range 0.3 - 10
keV) [181] will be sensitive to the ICS emission of sub-GeV DM and will therefore likely allow
us to improve the reach of the technique we used in this paper.
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